BACKGROUND: Management approaches for adult scoliosis are primarily based on adults with idiopathic scoliosis and extrapolated to adults with degenerative scoliosis. However, the often substantially, but poorly defined, greater degenerative changes present in degenerative scoliosis impact the management of these patients. OBJECTIVE: To assess the prevalence, severity, and impact of canal and foraminal stenosis in adults with degenerative scoliosis seeking operative treatment. METHODS: A prospectively collected database of adult patients with deformity was reviewed for consecutive patients with degenerative scoliosis seeking surgical treatment, without prior corrective surgery. Patients completed the Oswestry Disability Index, SF-12, Scoliosis Research Society 22 questionnaire, and a pain numeric rating scale (0-10). Based on MRI or CT myelogram, the central canal and foraminae from T6 to S1 were graded for stenosis (normal or minimal/mild/moderate/severe). RESULTS: Thirty-six patients were included (mean age, 68.9 years; range, 51-85). The mean leg pain numeric rating scale was 6.5, and the mean Oswestry Disability Index score was 53.2. At least 1 level of severe foraminal stenosis was identified in 97% of patients; 83% had maximum foraminal stenosis in the curve concavity. All but 1 patient reported significant radicular pain, including 78% with discrete and 19% with multiple radiculopathies. Of those with discrete radiculopathies, 76% had pain corresponding to areas of the most severe foraminal stenosis, and 24% had pain corresponding to areas of moderate stenosis. CONCLUSION: Significant foraminal stenosis was prevalent in patients with degenerative scoliosis, and the distribution of leg pain corresponded to levels of moderate or severe foraminal stenosis. Failure to address symptomatic foraminal stenosis when surgically treating adult degenerative scoliosis may negatively impact clinical outcomes.
S
coliosis is defined as an abnormal curvature of the spine in the coronal plane. The vast majority of previous scoliosis research has focused on the adolescent form, and classification systems that guide both operative and nonoperative management of these patients have been developed and continue to be optimized. [1] [2] [3] Only over the past 2 to 3 decades has research focused on adult scoliosis substantially advanced, as the development of improved anesthesia care, segmental spinal instrumentation, and improved surgical techniques have enabled effective surgical treatment. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Although the etiologies that can produce scoliosis are remarkably diverse, among adults the vast majority of cases can be classified as either adult idiopathic or degenerative (de novo) scoliosis. 1 Adult idiopathic scoliosis typically results from the persistence into adulthood of the most common subtype of pediatric scoliosis, adolescent idiopathic scoliosis. In contrast, degenerative scoliosis develops as part of the aging process and is thought to result from asymmetric degeneration that is further amplified by the resulting biomechanical changes. 4, 6 Although these 2 subtypes of adult scoliosis may share common features and are often indiscriminately lumped together, they represent different processes, and appreciating their dissimilarities is important in optimizing their classification and treatment approaches.
Adult idiopathic scoliosis may come to clinical attention at any point during adult life. Younger adults often present with back pain and issues of cosmesis. Older adults with idiopathic scoliosis often present with back pain, but may also experience leg pain from curve progression or occasionally from superimposed degenerative changes. In contrast, degenerative scoliosis typically comes to attention in older and elderly adults, characteristically presenting with disability and pain that frequently includes both back and leg symptoms. [15] [16] [17] Most prior reports on adult scoliosis have predominantly included cases of adult idiopathic scoliosis, resulting in radiographic descriptions, classification systems, and management approaches for adult scoliosis that generally do not reflect the often severe, inherent degenerative changes present in degenerative scoliosis. 18 For example, Simmons and Jackson reported ''foraminal narrowing'' and ''canal compression'' in only 13% and 3%, respectively, in a series of adult idiopathic scoliosis patients with a mean age of 42 years. 19 Because the prevalence of stenosis, both central and foraminal, for degenerative scoliosis has not been well defined in the literature, it is often erroneously presumed that these prevalences are similar to those of adult idiopathic scoliosis. Importantly, the development of radicular pain and weakness, which may result from foraminal and canal stenosis, has been shown to be strongly associated with the decision of adults with scoliosis to seek surgical treatment, 15, 20 and presumably the achievement of a satisfactory surgical outcome for these patients would require addressing these radicular symptoms. 11, 17 The objectives of this study were 2-fold. First, we sought to assess radiographically the prevalence and severity of canal and foraminal stenosis in a series of symptomatic adults with degenerative scoliosis seeking operative treatment. Second, we assessed the relationship between these radiographic findings and clinical symptoms. We hypothesized that the prevalence and severity of stenosis in adult degenerative scoliosis would be substantially higher than has been previously reported for adult idiopathic scoliosis and anticipate that these data will ultimately prove useful in the development of classification and treatment strategies specific for degenerative scoliosis. 4, 18, 21 
METHODS
This study is a retrospective analysis of 36 consecutive adult degenerative scoliosis patients, drawn from a single-surgeon prospective database. Adult degenerative scoliosis was defined as an abnormal coronal curvature of the spine in a skeletally mature individual thought primarily to be related to spinal degeneration and without a history suggestive of another etiology (eg, adolescent idiopathic scoliosis, neuromuscular scoliosis, congenital scoliosis, iatrogenic scoliosis, traumatic scoliosis, or deformity related to neoplastic disease). Inclusion criteria were age .50 years, a major thoracic or lumbar coronal plane Cobb angle .20°, diagnosis of degenerative (de novo) thoracic and/or lumbar scoliosis, and plan for operative treatment. Although degenerative scoliosis disproportionately affects the elderly, it can certainly occur in midlife as well. A cutoff of 50 years of age was selected for patient inclusion in an effort to provide a representative balance between ''younger'' patients and elderly patients with degenerative scoliosis, and to help prevent bias of the results toward elderly patients in which stenosis may be expected to be more prevalent. Exclusion criteria included prior scoliosis surgery, diagnosis of neuromuscular or congenital scoliosis, and history of untreated adolescent idiopathic scoliosis. This study was approved by the institutional review board of the University of Virginia, and informed consent was obtained from all patients enrolled.
Our general approach for determining management for adults with scoliosis has been reported previously. 15, 22 The decision of whether to pursue operative or nonoperative management is complex and multifactorial. With few exceptions, patients seen in our surgical clinic have already undergone nonoperative therapies and are being referred for surgical evaluation. If patients with a progressive neurological deficit, severe myelopathy, or frank incontinence are encountered, they typically are counseled to pursue operative treatment. The remaining patients are counseled extensively regarding possible surgical intervention, including recovery, potential morbidity and range of expected outcomes. The type and results of prior nonoperative treatments are thoroughly investigated to assess whether remaining treatment options exist. Attempts at physical therapy, epidural and selective nerve root steroid injections, and pharmacologic therapy are evaluated. Many patients have had inadequate or inconsistent pain management and warrant referral to a formal pain management program. Many patients are severely deconditioned and a reconditioning program through aquatics therapy is often recommended. Following this counseling, and within the confines of appropriate practice, the ultimate management decision is typically guided by patient choice.
At the time of enrollment into the database, patients complete Scoliosis Research Society (SRS)-22, SF-12, and Oswestry Disability Index (ODI) questionnaires. For the SF-12 and SRS-22 surveys, a higher score equates with better health. For the ODI, a higher score indicates higher disability. The ODI and SF-12 are based on a 100-point scale, and the SRS-22 is reported on a 5-point scale. In addition, patients reported levels of back and leg pain separately using a 0 to 10 numeric rating scale (NRS), with 0 and 10 corresponding to no and unbearable pain, respectively. At presentation, a detailed neurological examination was performed on each patient, and the distribution of each radiculopathy was recorded.
Full length anteroposterior and lateral standing 36-inch radiographs were obtained for all patients upon enrollment. From these, curve classification, coronal and sagittal balance, maximum Cobb angle, thoracic kyphosis (T2 to T12), and lumbar lordosis (T12 to S1) were determined by using standard methodology. 23 Cervicothoracic-lumbar CT myelograms were generally obtained for preoperative planning. In patients unable to tolerate a CT myelogram, a complete spine MRI was obtained. These were reviewed retrospectively by a neuroradiologist (P.R.), who was blinded to the presenting clinical signs and symptoms. Each level from T5-T6 through L5-S1 was formally evaluated for evidence of central stenosis and/or neuroforaminal stenosis bilaterally. When central stenosis was present, it was graded as minimal or no stenosis (,30%), mild (30%-50%), moderate (50%-70%), or severe (.70%). The percentages were measured as a comparison of crosssectional area comparing the affected level with the most adjacent normal level, using the formula: (normal level area-stenosed level area)/normal level area. When foraminal stenosis was present, it was graded on the sagittal plane images as follows: minimal or no stenosis (minimal reduction or normal form of the foramen and surrounding epidural fat with oval or inverted pear shape); mild stenosis (slight foraminal stenosis and deformity of the epidural fat, with the remaining fat still completely surrounding the exiting nerve root); moderate (epidural fat only partially surrounding the nerve root); or severe (complete or near-complete obliteration of the foraminal epidural fat).
RESULTS
Thirty-six patients met the inclusion criteria and had adequate imaging with a CT myelogram or MRI available for review. Twenty-three (64%) patients were female. The mean age of the population was 68.9 years (standard deviation [SD] = 9.2; range, 51-85). All patients reported significant disability, with a mean score in the severe category (mean ODI = 53.2; SD = 13; range, 28-88). Patients reported low SRS-22 and SF-12 scores, indicating a self-assessment of poor general health. The mean overall SRS-22 score was 2.7 (SD = 0.5; range, 1.8-3.9), with a mean pain subscore of 2.4 (SD = 0.8; range, 1.2-4.0). SF-12 physical component score averaged 22.8 (SD = 8.5; range, 10.2-47.8), and the mean SF-12 mental component score was 45.0 (SD = 13.9; range, 18.7-68.2).
The majority of patients (25) had major scoliotic curves located in the thoracolumbar spine. Major lumbrosacral curves were present in 10 patients. Only 1 patient had a thoracic curve (T7-T12), albeit with significant degenerative findings in the lumbar spine. The mean extent of the scoliotic curves was 5.6 levels (SD = 1.2). The apex of the curve was located at L2 in 15 patients, L3 or L1 in 8 patients each, T11 in 2 patients, and T9, T12, and L4 in 1 patient each. The mean major Cobb angle was 33 (SD = 13.4; range, 20-68). Thirty-five of 36 patients had a positive sagittal balance, averaging 7 cm (SD = 5.2 cm; range, 21.8 to 20.8 cm). Grade 2 spondylolisthesis was noted in 2 patients. Seven (19%) patients had lateral listhesis, with a mean displacement of 10.6 mm (SD = 3.4 mm; range, 8-17 mm) (Figure 1 ). Some degree of central canal stenosis was identified in 31 (86%) patients (Figure 1 ). Severe central canal stenosis was noted in 16 (44.4%) patients, and mild and moderate stenosis were present in 2 (6%) and 13 (36%) patients, respectively. The maximal central canal stenosis was located a mean of 1 level away from the curve apex (SD = 1.5 levels; range, 0-6 levels). In 14 (39%) patients the maximum level of central canal stenosis was located at the apex of their curves.
Thirty-five of the 36 (97%) patients demonstrated at least 1 level of severe neuroforaminal stenosis (Figure 1 ). Maximal neuroforaminal stenosis was located on average within 1 level of the apex of the primary curve (SD = .9 levels; range, 0-8 levels) (Figure 2 ). In 22 (61%) patients the maximum level of a neuroforaminal stenosis was located at the apex. Ten (28%) patients had moderate apical neuroforaminal stenosis. Four patients (11%) had no neuroforaminal stenosis at the apex. In 30 of the 36 patients (83%), the maximal neuroforaminal stenosis was located in the concavity of the scoliotic curve or in both the concavity and convexity of the coronal curve (Figure 3) . On average, patients had 2.2 levels of severe neuroforaminal stenosis (SD = 1.3 levels; range, 1-7 levels).
Patients reported significant back and leg pain based on the pain NRS. Nine patients (25%) also reported symptoms consistent with neurogenic claudication. No patients reported symptoms consistent with a thoracic radiculopathy. All except 1 patient reported back pain, with a mean NRS for back pain of 7.2 (SD = 2.3; range, 0-10). Thirty-four of the 36 patients (94%) reported leg pain, with a mean NRS for leg pain of 6.5 (SD = 2.6; range, 0-10). Discrete radiculopathies were reported in 28 of the 34 (82%) patients with leg pain (Figure 4 ), 5 (15%) patients reported symptoms in multiple dermatomal distributions, and 1 patient reported symptoms consistent with neurogenic claudication. Twenty-one patients reported unilateral symptoms, while 13 patients had bilateral symptoms. Among the 28 patients with discrete radiculopathies, 76% of the patients had severe neuroforaminal stenosis and 24% had moderate neuroforaminal stenosis corresponding to the level of the reported distribution of the radiculopathy ( Figure 5 ). One patient was found to have only mild foraminal stenosis, corresponding to an NSR for leg pain of 3, a level of pain considerably lower than the mean score of 6.5.
DISCUSSION
This article provides an assessment of the prevalence and severity of central canal and foraminal stenosis in a consecutive series of adult patients with degenerative scoliosis seeking surgical treatment. The present series demonstrates a remarkably high prevalence of stenosis in degenerative scoliosis, with 86% of patients having central canal stenosis and 100% of patients having evidence of foraminal stenosis. The central canal and foraminal stenosis was severe in 44% and 97% of patients, respectively. The patients in this series demonstrated considerable disability based on the ODI and had poor self-reported health status based on the SF-12 and SRS-22 health-related quality-of-life measures. In addition, patients in this series reported severe back and leg pain, with corresponding mean NRS pain scores of 7.2 and 6.5, respectively. Collectively, these data demonstrate the striking prevalence, severity, and impact of canal and foraminal stenosis among adults with degenerative scoliosis and argue the importance of accounting for these findings in the classification, assessment, and management of these patients. Few prior studies have reported the prevalence of stenosis in adult scoliosis patients. A report from Simmons and Jackson documented nerve root entrapment in a series of 30 adults with scoliosis with a mean age of 42 years. They noted ''foraminal narrowing'' in only 13% of patients and ''canal compression'' in only 3% of patients, rates that are markedly lower than the corresponding rates in the present series of adults with degenerative scoliosis. Grubb and colleagues reported on a series of 53 adults with scoliosis seeking surgical treatment, including 28 idiopathic and 25 degenerative scolioses. 7 They identified a ''stenotic pain pattern'' in only 7% of adults with idiopathic scoliosis. In contrast, they identified a ''stenotic pain pattern'' in 84% of patients with degenerative scoliosis, suggesting that radiographic evidence of stenosis should be considerably higher. Although they reported myelographic findings, these findings were primarily limited to whether a myelographic defect was present without specification of central canal or foraminal location or severity.
Myelographic ''defects'' were reported in 86% of adults with idiopathic scoliosis and in 100% of adults with degenerative scoliosis.
In the present series, maximal foraminal stenosis was most commonly located at the apex of the coronal curve and was far more common in the concavity compared with the convexity of the curve. These findings are consistent with previous reports in which greater foraminal stenosis was encountered in the coronal curve concavity. 24, 25 A more recent report by Liu and colleagues suggested that the L3 and L4 nerve roots were more likely to be compressed in the concavity, and the L5 and S1 nerve roots were more likely to be compressed in the convexity. 26 The near-ubiquitous presence of moderate to severe stenosis in the present series limited the ability to correlate stenosis with clinical measures of pain severity, disability, and self-reported health status. However, among the 28 patients with clinical findings of discrete radicular symptoms, all had evidence of at least moderate foraminal stenosis at the foramen with the expected corresponding dermatomal distribution ( Figure 5 ). Collectively, these data suggest that the prevalences of stenosis reported in the present study are not merely radiographic observations, but also underlie the frequent and often severe radicular symptoms in degenerative scoliosis.
The factors that govern the transition from nonoperative to operative treatment for adults with scoliosis are incompletely understood. However, the development of lower extremity neurological symptoms and deficits has been shown to be strongly associated with the decision to pursue operative treatment. 15, 20 Operative decompression of stenosis in adult scoliosis surgery can be either direct or indirect. 17 Direct decompression of neural elements typically involves removal of soft tissues and bony elements, such as hypertrophied ligaments, facets, and laminae. Indirect decompression is achieved by increasing the space for neural elements through the correction of deformity and/or restoration of disc height. 17 Smith et al recently reported on a prospectively collected series of adult scoliosis patients with leg pain and noted that patients treated surgically, whether or not the procedure included a decompression, had, on average, significant improvement of leg pain at 2-year follow-up. However, patients whose surgery included a decompression had significantly greater improvement of leg pain compared with patients whose surgery did not include a decompression. These data underscore the likely importance of both direct and indirect decompression in what was a mixed idiopathic and degenerative scoliosis population, and emphasize that simply straightening the curve without addressing regions of stenosis often may not result in a satisfactory clinical outcome, especially in the setting of degenerative scoliosis.
This study has potential limitations. Although the data were prospectively collected as part of a clinical database, the primary limitation remains the retrospective design of the study. In addition, it is an analysis of operative candidates only. Therefore, the prevalence and severity of central canal stenosis and neuroforaminal stenosis in the population of patients managed conservatively cannot be evaluated. Third, postoperative MRIs and/or CT myelograms were not generally obtained, precluding an analysis of postoperative course and extent of decompression.
CONCLUSION
Because demographic shifts favoring a significant expansion of the elderly population are coupled with medical advances that continue to extend life expectancy, the numbers of patients seeking care for degenerative scoliosis will continue to increase. 15 As classification and treatment strategies specific for degenerative scoliosis are developed and optimized, 4, 18, 21 it is important to appreciate the remarkably high prevalence of stenosis and its clinical impact among these patients.
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